Dislocation networks are one of the most principle sources deteriorating the performances of devices based on lattice-mismatched heteroepitaxial systems. We demonstrate here a technique enabling fully coherent Ge islands selectively grown on nano-tip patterned Si (001) substrates. The Si-tip patterned substrate, fabricated by complementary metal-oxidesemiconductor (CMOS) compatible nanotechnology, features ~50 nm wide Si areas emerging from a SiO 2 matrix and arranged in an ordered lattice. Molecular beam epitaxy (MBE) growths result in Ge nano-islands with high selectivity and having homogeneous shape and size. The ~850°C growth temperature required for ensuring selective growth has been shown to lead to the formation of Ge islands of high crystalline quality without extensive Si intermixing (with 91 at.% Ge). Nano-tip patterned wafers result in geometric, kinetic diffusion barrier intermixing hindrance confining the major intermixing to the pedestal region of Ge islands where kinetic diffusion barriers are however high. Theoretical calculations suggest that the thin SiGe layer at the interface plays nevertheless a significant role in realizing our fully coherent Ge nano-islands free from extended defects especially dislocations. Single layer graphene (SLG)/Ge/Si-tip Schottky junctions were fabricated and thanks to the absence of extended defect in Ge islands, they demonstrate high performance photodetection characteristics with responsivity and I on /I off ratio of ~45 mA/W and ~10 3 , respectively.
INTRODUCTION
Germanium (Ge), the semiconductor material at the base of the first transistor, is experiencing a renaissance due to its superior optoelectronic properties over that of silicon. The Ge/Si system has indeed been proposed for many different applications such as high-mobility complementary metal-oxide-semiconductor (CMOS) transistors 1 , memories 2 , thermoelectrics 3 , solar cells 4 , and monolithic integration of photonics with CMOS technology 5 . This renewed technological interest has fostered a wealth of studies on the heteroepitaxy of high quality Ge on Si in forms of both planar thin films and self-assembled nanometer-sized islands 6 . As a matter of fact, the growth of defect-free pure Ge/Si heterostructures is far from trivial. The relatively large lattice mismatch (4.2%) and thermal expansion coefficient (TEC) mismatch (130%) often lead to the introduction of dislocations and cracks. In addition, there is the strain-driven and surface energy-driven Ge-Si interdiffusion 7 causing difficulty in the control of the resulting heterostructure.
Among the methods proposed to tackle this problem 6 , approaches based on lithographic patterning of the Si substrates are recently under the spotlight. For the growth of thick Ge layer, micro-meter sized patterning has been proposed to limit threading dislocation propagation and crack formation 8 . For the growth of nanometers sized Ge islands, the selective epitaxy using nanostructured Si with "seeds" (possibly surrounded by almost "inert" material, e.g. SiO 2 ), has been demonstrated to prevent plastic relaxation in Ge nano-islands. This selective epitaxy is in fact the basic idea of the approach commonly known as nanoheteroepitaxy (NHE) [9] [10] [11] . In NHE, thanks to the significant lateral deformation by strain partitioning between substrate and heteroepitaxial film nanostructure, the critical thickness for plastic relaxation of heteroepitaxial 4 systems can be largely increased, leading eventually to dislocation-free epitaxial layers when the lateral dimension of the "seed" pads is sufficient small (a few tens of nm).
Compared to traditional planar substrate approaches, using NHE one can obtain nanometric islands that are: i) elastically relaxed; ii) not connected by a continuous layer, and thus cracking or wafer bowing due to TEC mismatch is avoided; iii) with limited intermixing due to the small amount of silicon available on the surface; iv) with homogeneous size distribution; v) located in pre-determined position given by the lithographic pattern thus being easily integrable in a fabrication process and vi) strain engineered heterointerfaces with band-offsets at heterointerfaces different from the bulk case. The latter four features are of particular importance if NHE is benchmarked against other deposition techniques used to achieve Ge nano-islands such as the Stranski-Krastanov growth of Ge on planar Si substrates, which leads to randomly distributed, highly intermixed, size inhomogeneous self-assembled islands [12] [13] . Pit-patterned Si substrates have been utilized to improve ordering and size uniformity [14] [15] [16] [17] [18] but with this approach
Si-Ge intermixing is not prevented owing to the rather high process temperature required to achieve selectivity and high crystal quality 15, 17 .
In prior studies, we have shown chemical vapor deposition (CVD) selective growth of Ge islands on Si nano-pillars [19] [20] [21] or compliant nano-mesas [22] [23] . More recently, defect free Ge nanoislands have been achieved on free-standing Si nano-mesas 24 . The achievement of coherent Ge/Si interface without misfit dislocation network is especially important for device applications with charge carrier transport across the interface (e.g. tunnel field effect transistors, TFET) and opens new ways for band offset engineering. However, for Ge/Si-mesa approach, a SiGe buffer layer is needed to be additionally interposed between Ge and Si to realize the coherent growth [24] [25] .
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In this study, we demonstrate molecular beam epitaxy (MBE) selective growth of fully coherent Ge islands on nano-tip patterned Si (001) substrates. We show that the high temperature needed to achieve perfect selectivity and good crystalline quality, does not lead to extensive GeSi intermixing. Only limited intermixing is observed, which is confined to the island pedestal region leaving the rest of the island being nearly pure Ge. Moreover, thanks to the strain partitioning between Ge and Si tips, the thin intermixing layer has a beneficial role to prevent the formation of misfit dislocations (MDs) at the advantage of a fully elastic relaxation. We shall see the key enabler of this peculiar growth mode is the shape and size of the patterned Si substrate used as "seed" for the selective epitaxy. The beneficial influence of this innovative approach on optoelectronic materials properties is finally demonstrated by photodetection in hybrid single layer graphene (SLG) / Ge island / Si-tip nanostructures.
EXPERIMENTAL SECTION
Before the introduction of the Si-tip substrate into the MBE chamber, it was chemically cleaned by the following procedure: 1) 10s immersing in Piranha solution of H 2 SO 4 (98 wt%):H 2 O 2 (30wt%)=5:3) and 10s rinsing in de-ionized (DI) H 2 O; 2) 10s dipping in diluted HF (0.5 wt%) and 3) drying with N 2 gas. We note here that the dipping duration in HF was optimized to avoid over-etching of the SiO 2 around Si nano-tip. A pre-baking at a substrate temperature of 850°C was performed for 5 min in a DCA MBE chamber with a base pressure of 5×10 -10 mbar to remove the native oxide on the Si seeds. After the growth, the Ge morphology was examined by atomic force microscopy (AFM) in tapping mode (Veeco CP-II, high resolution Si tip with radius of curvature of 2 nm) and scanning electron microscopy (SEM, Zeiss Nvision 40). Out-of-plane and in-plane X-ray diffraction (XRD) measurements were performed using a Rigaku Smartlab diffractometer with a 9 kW rotating anode (Cu Kα1, 6 λ=1.5406 Å). Micro-Raman spectroscopy was carried out by employing a Renishaw Raman system with a 514 nm laser. The diameter of the laser spot is ~0.9 µm. The sample was also prepared by mechanical polishing and Ar ion milling for transmission electron microscopy (TEM). The TEM measurements were performed using the FEI TITAN 80-300 Berlin
Holography Special operated at 300 kV. The energy-dispersive X-ray spectroscopy (EDX) measurements were performed using a FEI Osiris operated at 200 kV. Numerical calculations were performed by solving the elastic problem by finite-element method (FEM) to gain insight of the strain relaxation mechanism of Ge islands on Si tips. SLG/Ge/Si-tip nanostructure was fabricated by transferring commercially available CVD graphene patches (1×1 cm 2 ) onto the Ge/Si-tip substrate. The transfer was accomplished using PMMA support layers and wet Cu etching 26 . An Au metal was subsequently deposited on SLG/SiO 2 using electron beam DC sputtering to serve as the top contact and Ag paste was used as the bottom contact. The I-V characterizations were performed using a Keithley 4200 semiconductor analyzer. Both a 532 nm laser and a 1064 nm laser with a diameter of ~1.1 µm were employed as the illumination light.
RESULTS AND DISCUSSION
The fabrication process of the nano-tip patterned Si wafer 27 is shown in Figure 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 7 Information). It is noted that the duration of the CMP step can be used to control the surface area of the crystalline Si seed openings (with a minimum of ~5 nm in diameter) and thus the nucleation size for subsequent Ge heteroepitaxy. Figure 1 Figure 2b illustrates the selective growth mechanism for Ge/Si-tip system. Considering that the desorption energy of Ge from Si (001) (4.25eV) is much higher than that from SiO 2 (0.44 eV) 28, 30 , at high growth temperature of 850°C, the Ge adatoms "stick" only on exposed Si seeds area while the Ge adatoms arriving on SiO 2 area desorb very quickly from the SiO 2 surface before 8 they can form stable clusters, due to their very short diffusion length of only 0.44 nm. As a consequence, the growth selectivity presented here can be realized on any pattern, with arbitrary distance and density of the nucleation seeds if a sufficiently high deposition temperature is used.
On the contrary other methods are highly "pattern sensitive". As an example, in the selective growth mechanism reported in Ge/pit-patterned Si system, the pit can trap all the deposited Ge only when the Ge adatom migration length is much longer than the pit periodicity 31 , or in CVDbased methods the loading effect plays a major role 32 . Figure 2d exhibits an AFM surface-angle image on four
Ge nano-islands allowing to visualize the sidewall angle of Ge nanostructures [33] [34] . It can be observed in Figure 2d that Ge nano-islands display a homogenous "rocket head" shape with a small flat plateau on top (blue) and side wall (red) inclination angle is ~50°. No well-defined faceting is observed.
The AFM results were complemented by a TEM study in order to further investigate the morphology, structure, and composition of Ge/Si-tip. Figure 3a displays a cross-sectional high Figure S3 in Supporting Information). It can be seen that the Ge cluster features a hemispherical shape without any distinguishable facet, thus confirming the AFM results ( Figure 2c ), contrary to the observed pyramidal, faceted-dome, or barn shapes 17, [35] [36] [37] in
Ge islands grown on planar or pits-patterned Si at lower temperatures (400°C~600°C). Similar round shape was obtained for Ge islands grown 23 or annealed 21 at higher temperatures (800°C ~900°C). The lack of facets at higher temperature is a direct result of entropy playing a more prominent role over that of facet energy. From TEM studies with a statistical analysis on different Ge islands, it can be concluded that the islands are free from extended defects such as threading dislocations, stacking faults (SFs), and micro-twins. In particular, careful HRTEM studies ( Figure 3b ) were carried out focusing on the center of Ge nano-islands (around point 3 in Figure 3a ) where the misfit strain is the highest. The absence of dislocation segments from Figure 3b implies the structures are completely dislocation-free.
Insight in the composition of the islands are given by EDX measurements reported in Figure   3c , which shows a compositional map for Ge (blue) and Si (red) atoms. An EDX map of oxygen element was also obtained and shown in Figure S4 in Supporting Information. First we notice that the Si-tip is dome-like at the top region. We note that this deformation occurs during the prebaking at >800°C (i.e. before the Ge growth, see Figure S5 ) due to desorption of volatile SiO formed following the reaction between Si-tip surface and the surrounding SiO 2 : Si(s) + SiO 2 (s)→2SiO(g) 38 . Ge covers this Si-dome by filling the interspace between the Si-dome and surrounding SiO 2 . This filling is believed to be the origin of the SF observed at the shoulder of the Si tip (see arrow in Figure 3a ): the SF is formed owing to a defect on the SiO 2 surface [39] [40] . It can be also noticed that the blue color at the edge of the Ge island fades out indicating a decrease 
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of Ge concentration, which is related to the formation of a Ge oxide layer on the Ge islands surface. We also note here that a low pre-baking temperature (~750°C) cannot completely remove the native SiO 2 on Si tips and thus leading to additional defects like SFs (see Figure S6 ).
As stated before, epitaxial growth of Ge directly over Si is often associated with significant
Si-Ge intermixing, leading to altered strain field especially in non-planar growths. To assess the extent of such intermixing, we perform an EDX line profile in the island at the nanometric scale. Figure 3d shows a line profile passing through the points 1-5 marked in Figure 3a . In the Ge island (point 1 and 2), the Ge atomic concentration is ∼84%, Si is ∼8%, and O is ~8%. The oxygen contribution arises from the TEM lamella oxidation. The island is therefore formed by ∼91% Ge with only ∼ 9% Si. This is a quite surprising results considering the high growth temperature used. As a matter of fact, the Ge growth at similarly high temperatures (800-850°C)
on pit-patterned [16] [17] , pillar patterned 21 , or unpatterned substrates 7 results in Si-richer islands with Ge contents as low as 25%. On the contrary, a Ge-rich growth is here preserved thanks to the very limited extension of the surfacing Si regions and a nanowire-like shape of Si tips, which decrease the amount of Si atoms available for the intermixing. The interdiffusion process is limited to a narrow region across the Ge/Si interface, only 2w-thick (w~16 nm, distance between point 2 and 3, Figure 3d ), where the Ge concentration undergoes a gradual decrease from Ge island to Si-tip. Below point 3, the Ge concentration rapidly drops to 0% (point 4 and 5), suggesting no further Ge diffusion into Si-tip. This "geometric intermixing hindrance" effect shows a particular advantage of the Si-tip method for Ge growth on Si. Similar behavior has been reported for the thermal oxidation of nanometric scale Si 41 . It is also noted here that the composition profiles (CPs) of Ge shown here (grown by MBE on nano-tip patterned Si wafers) with a Si-rich core in the bottom, is very different from the CPs seen in islands grown by MBE 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 on planar substrates, which are characterized by Si enriching the corners and Ge enriching the central regions and the top, forming a kind of a rosette structure 42 . In fact, the present CPs formed by MBE (on patterned Si), a non-equilibrium method, resembles the CPs formed by CVD growth (on planar Si), which is carried out in near-equilibrium conditions 42 . Furthermore, it is known that for the Ge growth on planar Si substrates, the introduction of dislocation can suppress the strain-induced SiGe intermixing 43 . In our dislocation-free Ge/Si-tip heterostructure realized by NHE, the SiGe intermixing is mainly due to thermodynamic reasons and limited by the "geometric intermixing hindrance" effect of Si tips (i.e. no Si diffusion into Ge islands by diffusion onto Ge island facets from neighboring Si substrate areas and only very limited Si diffusion through the Ge / Si pedestal area where activation barriers are high).
To gain insight into the strain distribution, selected area electron diffraction pattern analysis More detailed crystallinity and strain analysis were carried out by XRD. In-plane XRD around Si (220) Bragg peak is shown in Figure 4a . The intense and sharp peak located at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 and on the SiO 2 area between Ge islands (blue). The spectrum of Ge substrate as a reference shows a Raman line arising at ~300 cm -1 , corresponding to the Ge-Ge Raman mode 44 . For the "on islands" spectrum, besides the strong Si line, two other lines appear at ~297 cm -1 and at ~397 cm -1 , corresponding to the Ge-Ge and Si-Ge modes, respectively 44 . For "between islands" spectrum, only a strong line at ~520 cm -1 appears, corresponding to Si-Si mode of the Si substrate (SiO 2 mask is transparent). No Ge-Ge or Ge-Si related signal is observed in "between islands" spectrum, thus confirming the high selectivity of Ge on tip-patterned Si substrates.
According to the Raman data we have determined the strain ε and composition x in Ge nanoislands [44] [45] , which are ~0.1% and 0.85, respectively (Supporting Information and Figure S8 ). It has to be noted here that this estimation method is particularly suited for SiGe layers assuming that strain and composition are homogeneous in the layer while in our case a gradient of both factors exists particularly at the Ge/Si-tip interface, which is also reflected by the shape of Si-Ge peak with a large width of ~16 cm -1 . Therefore, the values extracted above are average estimations in the entire Ge nano-island. These results are in good agreement with TEM, EDX and XRD analysis. The measured strain amount has to be considered due to both misfit and thermal stresses, the latter caused by the mismatch between the thermal expansion coefficient of the materials. Notice that, at the given deposition temperatures, such contribution is one order of magnitude lower than the lattice misfit strain. Figure 4c shows an intensity map of the Ge-Ge peak at 297 cm -1 in a 6 µm × 6 µm area. This map confirms the high homogeneity of strain and composition of the island ensemble.
The experimental analysis gives evidence of the achievement of elastically relaxed, Ge nanoislands free from extended defects, such as MDs at the Ge/Si heterointerface, despite their high
Ge content, featuring a relatively thin intermixed region. 
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To gain physical insight of the strain relaxation mechanism, we have performed numerical calculations, solving the elastic problem by FEM. The three-dimensional nanostructure geometry obtained from TEM image (Figure 3a) was mimicked in the FEM code assuming a rotational symmetry along the (001) axis. The resulting central cross section is shown in Figure 5a (the tip opening L is equal to 75 nm and the Ge island base is 120 nm). First, a uniform composition equal to x Ge =90% was considered in the Ge island (w=0). The result is presented in the color map of Figure 5b where the in-plane strain-tensor component (ɛ xx ) values are plotted. It can be observed that the island free surfaces and the interfaces with SiO 2 allow for a partial relaxation of the misfit strain. In particular, notice that tensile stressed region appears in Si (ɛ xx ∼1%) while a symmetric region of compression (ɛ xx ∼-1%) is observed in Ge island. Such a strain partitioning is typical in Ge/Si finite area heterostructure 24, 46 . It is also worth noting here that, as shown in Figure 5b , the dome-like shape of the top of the Si-tip induces a particular strain distribution in the Ge island, with a compressive strain (ɛ xx ∼-1%) at the center region (blue) and a tensile strain (ɛ xx ∼1%) at the Si-tip shoulder region (red) where Ge located between dome-like Si and the SiO 2 wall. This is quite different from the case of Ge islands growth on a flat Si surface.
The compositional profile obtained from the EDX experiments ( Figure 3d ) was then included in the FEM calculations (w=16 nm, see Supporting Information for other details). Figure 5a shows the Ge composition (x Ge ) color map. The resulting deformation field, see the ɛ xx component plotted in Figure 5c , changes with respect to the uniform case (Figure 5b ). The lowering of strain values around the tip and the overall enhancement in uniformity reveal the important contribution given by the intermixing process to the relaxation. These changes have consequences on the energetics of dislocation insertion. 
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We have investigated the tendency towards plastic relaxation by following the FEM-based procedure introduced in Ref. 46 , yielding the difference in energy (∆E) between the system with or without dislocations. The dislocation-induced deformation was solved in 2D in the central section of the nanostructures, considering the effect of an infinitesimal 60°-dislocation segment placed at the interface (as in Ref. 47 ). Then it was superimposed to the coherent elastic field in the same section that was obtained from a full 3D calculation (see Supporting Information for details).
In the w=0 case (no intermixing), a dislocation segment was inserted at the central site of the Ge/Si interface. Calculations yield ∆E=-30 eV/nm. Insertion of a dislocation, thus, lowers the energy of the system. To treat the intermixed case, we placed the dislocation at the same site, corresponding to the x Ge =0.45 isoline (position 3 in Figure 3a) . Notice that such dislocation positioning is energetically favored as it leads to significant relaxation both in the Ge-rich and in the Si-rich regions. The resulting in-plane strain tensor component is represented in Figure 5d .
By integrating the elastic energy density we found ∆E=-6 eV/nm. Despite being extremely localized, the intermixing lowers by a factor of 5 the energetic gain provided by dislocation insertion. Furthermore, small changes in the nanostructure in terms of both geometry and composition can reverse the ∆E sign. Actually, the L=75 nm nanostructure is the largest one among the experimental samples. A broader analysis is reported in Figure 6 , where we have 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In order to verify the good quality of the Ge islands on Si-tip wafers and its impact on related optoelectronic devices, a hybrid SLG/Ge/Si-tip heterojunction was fabricated. Graphene has been employed as transparent electrode in many prototype optoelectronic devices such as photovoltaic modules, optical modulators, plasmonic devices as well as photodetectors 48 .
Recently both graphene/Si [49] [50] and graphene/Ge 51 Schottky junctions based photodetectors using planar Si and Ge substrates have been demonstrated. Here we fabricated a SLG/Ge/Si-tip device by transferring CVD graphene layer on fully coherent Ge islands grown on Si-tip substrates.
More fabrication details are described in experimental section. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 cm -3 and Ge can be considered as intrinsic due to the absence of extended defects, which have an acceptor-like nature in Ge 56-57 . To illustrate the photovoltaic characteristics, Figure 7c shows a thermal equilibrium energy band diagram of the SLG/Ge/Si-tip photodetector under illumination at zero bias. Under the equilibrium condition, a built-in electric field is formed at the graphene/Ge interface vicinity. It is noted here that the transferred SLG layer is in general p-type doped therefore the Dirac cones of graphene shift slightly upward 26 . Under light, the electronhole generation occurs and the electron-hole pairs are separated by the built-in electric field. The free electrons and holes move toward opposite directions therefore Fermi levels (E F ) in graphene and in Ge/Si will be split by incident light 51 . The difference of the E F levels is equal to the photovoltage which leads thus to photovoltaic current in the external circuit. Figure 7d shows the variation of short-circuit photocurrent (left, black curve) and responsivity (right, blue curve) as a function of the incident laser power. It can be observed that the photocurrent increases with increasing laser power. The I on /I off ratio is always in ~10 3 range and reaches 1.3×10 3 for P laser =72
mW. The responsivity is always in mA/W range and is ∼45 mA/W for P laser =4.8 mW. The measured characteristics are comparable with the photodetector based on SLG/Ge substrates 51 , indicating the high crystalline quality of the Ge islands. The responsivity of our SLG/Ge/Si-tip photodetector is much higher than several graphene based devices such as graphene/metal junctions (6.1 mA/W) 48 . Another key metric of photodetectors, the detectivity (D 
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In Figure 7d , the decrease of responsivity with increasing laser power could be attributed to light-induced Schottky barrier lowering, as already observed for Ge/Si photodetector (see e.g.
Ref.
58 and references therein). Considering the 532 laser line is absorbed in a tiny region close to the SLG/Ge interface, photogenerated electrons could occupy the SLG/Ge interface states, thus modifying the band-bending and ultimately decreasing the electron-hole pair collection efficiency of the device. Remarkably, when the photodetector is illuminated using a laser emitting at a wavelength of 1064 nm, having a much larger penetration depth in Ge, the responsivity increases with the excitation power (see details in Figure S10 in Supporting Information). We point out that in this latter case the presence of any extended, acceptor-like defect in the Ge could generate a similar behavior (responsivity decreasing with increasing laser power), with electron filling of defect states at the Ge/Si heterointerface. Therefore the observed behavior, further corroborates the high epitaxial quality of the Ge nano-islands.
Furthermore, it is noted here that a reference sample composing of SLG/Si-tip without Ge 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   20 In conclusion, we demonstrated in this study the selective growth of fully coherent Ge islands on nano-tip patterned Si (001) substrates by MBE. The well-ordered Ge nano-islands are highly homogeneous in both size and shape. An elevated growth temperature of 850°C is required for growth selectivity, and at such an elevated temperature Ge islands are still highly Ge-rich (~91 at.%). Theoretical calculations point out that, the shape and size of Si patterned substrate and the local SiGe intermixed layer occurring at the pedestal region of Ge island lead to completely elastic relaxation of Ge island hence fully coherent Ge is obtained. These results highlight the advantages of the Si-tip wafers for the growth of high quality Ge: i) perfect selectivity and absence of loading effect: any pattern, with arbitrary distance and density can be realized; ii) high deposition temperature and MBE results in crystalline quality: no H (compared to CVD method), reduced number of point defects affecting optical properties of Ge-rich islands;
iii) "geometric intermixing hindrance" effect that confines intermixing to the pedestal region.
Islands are Ge rich and the intermixing is beneficial for pure elastic relaxation; iv) the islands feature a MD-free interface with the substrate, a key aspect to nano-devices (e.g. TFET).
Dislocation-free Ge islands lead to high performance photodetectors composed of hybrid SLG/Ge/Si-tip Schottky junctions, which show a responsivity and an I on /I off ratio of ∼45 mA/W and ~10 3 , respectively. From a more general point of view, this method can be probably transferred to the growth of high quality nano-islands of other functional materials (e.g. III-V and II-VI compounds) for various high performance devices and we can also bring the metal contacts in a reliable way (by aligning masks) to these nano-objects to serve as functional elements for macroscopic optoelectronic devices in future. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 and between Ge islands (blue); the inset shows an enlarged picture of the squared region of the "on islands" spectrum; (c) a map of Ge peak intensity, the intensity increases from blue to red. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 26 the experiments while M.S., A.M. and F.M. performed the theoretical calculation. All authors contributed in results analysis and discussion of the manuscript during the preparation. All authors have given approval to the final version of the manuscript.
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